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The Chick Transcriptional Repressor Nkx3.2
Acts Downstream of Shh to Promote
BMP-Dependent Axial Chondrogenesis
limb bud (Capdevila and Johnson, 1998; Pizette and
Niswander, 2000) and axial (Murtaugh et al., 1999) chon-
drogenesis, it is clear that BMP signals are necessary for
the formation of both appendicular and axial cartilage.
In addition to a requirement for BMP signaling, it is
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Pharmacology
Harvard Medical School
Boston, Massachusetts 02115 clear that Shh signals are necessary for the initiation of
vertebral chondrogenesis, as somites in mice lacking
Shh fail to give rise to either sclerotome or vertebrae
(Chiang et al., 1996). Shh is expressed in the notochordSummary
and floorplate, and plays a crucial role in the induction
of both sclerotomal and myotomal gene expressionPreviously, we demonstrated that Shh acts early in
(Borycki et al., 1998; Fan et al., 1995; Fan and Tessier-the development of the axial skeleton, to induce a
Lavigne, 1994; Johnson et al., 1994; Munsterberg etprochondrogenic response to later BMP signaling.
al., 1995; Murtaugh et al., 1999). We have found thatHere, we demonstrate that somitic expression of the
transient exposure of nascent somitic cells to Shh alterstranscription factor Nkx3.2 is initiated by Shh and sus-
the response of these cells to subsequent BMP signals:tained by BMP signals. Misexpression of Nkx3.2 in
exposure to BMPs in the absence of an early Shh signalsomitic tissue confers a prochondrogenic response to
induces lateral plate gene expression and antagonizesBMP signals. The transcriptional repressor activity of
sclerotomal gene expression, while BMP treatment afterNkx3.2 is essential for this factor to promote chondro-
prior exposure to Shh strongly promotes chondrogen-genesis. Conversely, a “reverse function” mutant of
esis (Murtaugh et al., 1999). Based on these results, weNkx3.2 that has been converted into a transcriptional
proposed that Shh exposure induces the expressionactivator inhibits axial chondrogenesis in vivo. We
of a prochondrogenic competence factor(s) that laterconclude that Nkx3.2 is a critical mediator of the ac-
collaborates with subsequent BMP signaling to promotetions of Shh during axial cartilage formation, acting to
the formation of cartilage.inhibit expression of factors that interfere with the
Because a transient Shh signal is sufficient to induceprochondrogenic effects of BMPs.
a prochondrogenic response to BMP signals in somites
(Murtaugh et al., 1999), we have speculated that ShhIntroduction
signals are necessary to initiate, yet not maintain, the
expression of a prochondrogenic competence factor.The majority of the vertebrate skeleton arises by the
One potential regulator that is expressed in a patternprocess of endochondral ossification, in which each
consistent with a transient dependency on Shh signalsskeletal element is established and patterned as carti-
is Bapx1/Nkx3.2, which encodes a homeodomain tran-lage, to later be replaced with bone. The cartilage of
scription factor related to Drosophila bagpipe (Tribiolithe limb derives from lateral plate mesoderm, while the
et al., 1997). In mouse, Bapx1/Nkx3.2 expression in thevertebrae and ribs derive from the sclerotomal compart-
early somite is essentially identical to that of Pax1, ament of the somites. Somites are segmented blocks
sclerotome marker and a known transcriptional targetof mesoderm that form alongside the neural tube and
of Shh (Fan and Tessier-Lavigne, 1994; Johnson et al.,notochord, and these tissues, as well as the overlying
1994), suggesting that it also might be induced by Shh.ectoderm, impose a dorsoventral pattern on the so-
However, unlike Pax1, which is excluded from regionsmites. The sclerotome, a mesenchymal tissue, forms
undergoing chondrogenesis (Murtaugh et al., 1999),from the ventral somite and undergoes extensive migra-
Bapx1/Nkx3.2 appears to be maintained in the formingtion to surround the neural tube and notochord before
vertebrae themselves (Tribioli et al., 1997). Thus, Bapx1/initiating vertebral chondrogenesis.
Nkx3.2 is present during the BMP-mediated transitionDespite their disparate origins, the axial and appen-
from sclerotome to cartilage, and could conceivablydicular skeletons share at least one developmental re-
modulate this process. Consistent with this notion, micequirement: active BMP signaling (Capdevila and John-
lacking the Bapx1/Nkx3.2 gene exhibit major defects inson, 1998; Kawakami et al., 1996; Murtaugh et al., 1999;
the vertebral column, including the absence of vertebralZou et al., 1997). BMPs were isolated by virtue of their
bodies and hypoplasia of neural arches (Akazawa et al.,ability to induce new bone and cartilage in adult tissue,
2000; Lettice et al., 1999; Tribioli and Lufkin, 1999). In thisa process that appears to recapitulate the normal events
work, we analyze the role played by the chick homolog ofof endochondral ossification (Wozney et al., 1988). In
Bapx1/Nkx3.2 in somite chondrogenesis.numerous gain-of-function experiments, BMPs have
been shown to promote limb bud chondrogenesis, most
Resultsprobably acting to increase the recruitment of mesen-
chymal cells into precartilage condensations. In addi-
Expression of Nkx3.2 during Somitetion, because ectopic expression of the BMP antagonist
and Limb ChondrogenesisNoggin (Zimmerman et al., 1996) effectively blocks both
We isolated the chick homolog of the mouse Bapx1
gene by moderate stringency screening of a chick em-1 Correspondence: andrew_lassar@hms.harvard.edu
2 These authors contributed equally to this work. bryo cDNA library using the Bapx1 homeodomain-cod-
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Figure 1. Expression of Nkx3.2 during Carti-
lage Formation, Stages 24–30
In situ hybridization (ISH) and PNA staining
on near adjacent frozen sections of the devel-
oping vertebrae (A), ribs (B), and forelimb (C)
with DIG probes as indicated. Axial tissues
(A) were sectioned either in the transverse or
frontal plane, as indicated. Arrowheads (A,
panels b, g, and l) indicate the position of
newly differentiated vertebral chondrocytes.
Arrows (A, panels e, j, and o) indicate the
relative position of Pax1-expressing interver-
tebral disc tissue. Rib-forming regions (B)
were sectioned in the frontal plane. Limb
buds (C) were sectioned transversely.
ing region as a probe (Tribioli et al., 1997). Indepen- coexpressed with col IX throughout the vertebrae (Fig-
ure 1A, panels d, e, n, and o), while Pax1 is restricteddently, two other laboratories have isolated the same
cDNA, which they termed Nkx3.2 (Rodriguez Esteban et to noncartilaginous mesenchyme (Figure 1A, panels i
and j). Coexpression of Pax1 and Nkx3.2 at this stageal., 1999; Schneider et al., 1999). For the purpose of
simplicity, we adopt their nomenclature in this report. is restricted to the future intervertebral discs, which are
noncartilaginous (Figure 1A, arrows in panels e, j, andNkx3.2 was previously shown to be expressed in the
ventromedial region of the epithelial somite, and subse- o). In summary, Nkx3.2 expression marks the entire ver-
tebral structure prior to and following its differentiation,quently in the newly formed sclerotome, as is mouse
Bapx1 (Tribioli et al., 1997). As shown in Figure 1A, consistent with the important role Bapx1 plays in this
process in mouse (Akazawa et al., 2000; Lettice et al.,Nkx3.2 expression precedes vertebral chondrogenesis
at all stages examined. At HH stage 24, Nkx3.2 is de- 1999; Tribioli and Lufkin, 1999).
In contrast to the forming vertebrae, Nkx3.2 expres-tected in sclerotomally derived cells surrounding the
notochord, partially overlapping with the expression of sion in both the ribs and limb buds is essentially unde-
tectable until chondrocytes first differentiate. AlthoughPax1 (Figure 1A, panels a and f). These perinotochordal
cells will give rise to the first vertebral chondrocytes, the ribs derive from sclerotome (Huang et al., 2000),
there are no specific markers for their precursor cellswhich differentiate at stages 26–27 as detected by the
expression of collagen IX (col IX) mRNA (Figure 1A, panel within the body wall, making it difficult to trace their
ontogeny. However, the differentiation of these precur-l) and alcian blue staining (data not shown). At this stage,
whereas Pax1 expression is excluded from the newly sors is clearly prefigured by their expression of the pre-
chondrocyte marker Sox9 (Healy et al., 1999) at stageformed cartilage (Figure 1A, panel g), Nkx3.2 expression
is maintained within the chondrocytes themselves and 27 (Figure 1B, panel e), as well as by their binding to
the lectin peanut agglutinin (PNA; Figure 1B, panel g),has also expanded to encompass the future neural
arches (Figure 1A, panel b). When these cells differenti- which is known to bind precartilage condensations in
the limb (Aulthouse and Solursh, 1987). At this stage,ate, at stage 30, they maintain expression of Nkx3.2,
which remains strongly expressed throughout the ma- neither col IX nor Nkx3.2 is expressed (Figure 1B, panels
a and c). Thorough examination of embryos collectedture vertebrae (Figure 1A, panel c). In frontal sections
through the neural arches and vertebral bodies of a during intermediate stages failed to detect Nkx3.2 ex-
pression in rib-forming cells prior to overt chondrocytestage 30 embryo, it can be seen clearly that Nkx3.2 is
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differentiation, although it is clearly detectable in the
ribs once they have formed, at stage 30 (Figure 1B,
panels b and d, and data not shown). Similarly, limb
chondrogenesis is prefigured by the formation of mes-
enchymal condensations in the core of the limb; these
can be detected at stage 25 by virtue of their expression
of Sox9 and their PNA binding activity (Figure 1C, panels
e and g). At this stage, however, Nkx3.2 expression is
undetectable (Figure 1C, panel a). Examining successive
stages, we could not detect Nkx3.2 expression until
stages 26–27, when col IX-expressing chondrocytes first
appear (Figure 1C, panels b and d). In summary, in the
vertebrae, Nkx3.2 is expressed in both sclerotomal pre-
cursors and in mature chondrocytes, while outside of the
vertebral column, Nkx3.2 expression is only observed in
differentiated chondrocytes.
Regulation of Nkx3.2 Expression by Successive
Shh and BMP Signals
Because our previous findings suggested that transient
Shh administration is capable of inducing a prechondro-
genic state in somitic cells, which is made manifest by
subsequent BMP signals (Murtaugh et al., 1999), we
sought to examine how Nkx3.2 expression is regulated
under these culture conditions. We embedded explants
of E2 (HH stage 10) chick presomitic mesoderm (psm)
in collagen gels and cultured them in serum-free medium
for 5 days. As shown previously (Murtaugh et al., 1999),
exposure of such explants to Shh alone supports only
weak expression of the chondrocyte differentiation
markers aggrecan and col IX (Figure 2A, compare lanes
1 and 2). Activation of these genes nonetheless requires
BMPs, as their expression is specifically abolished by
the BMP antagonist Noggin (Murtaugh et al., 1999). In
contrast to the weak expression of the chondrocyte
differentiation markers, administration of Shh alone in-
duces strong expression of both Pax1 and Nkx3.2 (Fig-
ure 2A, lane 2). If Shh is removed after 2 days and no
Figure 2. Regulation of Nkx3.2 by Shh and BMP Signalsadditional factors are added during further culture, ex-
(A) Shh can induce and BMP4 can maintain somitic Nkx3.2 genepression of both these genes is lost (Figure 2A, lane 3).
expression. Explants of presomitic mesoderm (psm) were culturedHowever, if Shh treatment is followed by the addition
in serum-free medium, with Shh and/or BMP4 proteins added asof BMP4 on the second day of culture, either with or
indicated (the day of dissection is considered day 0 of culture). After
without continued exposure to Shh, Nkx3.2 expression 5 days of culture, explants were harvested and processed for RNA
is maintained, and cartilage markers are induced at high and RT-PCR. Shown are PCR products for GAPDH, Pax1, aggrecan,
collagen IX, and Nkx3.2.levels (Figure 2A, lanes 5 and 6). Whereas BMP signals
(B) Sustained Shh signals can maintain Nkx3.2 expression in thecan both maintain Nkx3.2 expression and induce that of
presence of the BMP antagonist, Noggin. Psm explants were cul-the chondrocyte differentiation markers following prior
tured in the presence of FBS and Shh protein and supplementedShh administration (Figure 2A, lane 6), in the absence
with either control- or Noggin-conditioned medium, as indicated.
of an initial Shh treatment, BMP4 administration fails to After 5 days of culture, explants were harvested and processed for
induce any of these chondrocyte markers (Figure 2A, RNA and RT-PCR. PCR products are shown as in (A). Shown are
results from two parallel, duplicate sets of cultures.lane 4). Thus, while Shh is capable of initiating expres-
sion of Nkx3.2 in somitic cells, BMP signals can sustain
its expression thereafter in the absence of continued antagonist Noggin strongly inhibits aggrecan expres-
exposure to Shh. sion and abolishes that of col IX (Figure 2B, lanes 2 and
Although these results indicate that BMP signals can 4). Nonetheless, Pax1 and Nkx3.2 both remain ex-
maintain Nkx3.2 expression following prior Shh treat- pressed at high levels in these cultures in either the
ment, they did not address whether induction of Nkx3.2 absence or presence of Noggin (Figure 2B). Thus, while
expression by sustained Shh is similarly dependent Nkx3.2 expression can be maintained by BMP signals
upon BMP signals. To address this issue, we included after transient Shh signaling, it does not require BMP
serum (FBS) in the culture medium, which enhances signaling if Shh is provided continuously. This may ac-
Shh-induced chondrogenesis in the absence of exoge- count for the sustained coexpression of Nkx3.2 and
nous BMP4 (Figure 2B, lanes 1 and 3; Murtaugh et al., Pax1 in the nonchondrogenic intervertebral discs, which
abut the Shh-expressing notochord.1999). Under these conditions, the addition of the BMP
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Misexpression of Nkx3.2 In Vitro Is Sufficient
to Confer a Prochondrogenic Response to BMP4
As discussed above, the expression of Nkx3.2 in somitic
explants can be initiated by Shh and maintained by
subsequent BMP signals. This expression pattern was
of particular interest because it correlated with the com-
petence of somitic cultures to chondrify in response to
BMP signals, and raised the possibility that Shh induc-
tion of chondrogenic competence in somites may be
mediated via Nkx3.2. To evaluate this possibility, we
examined whether the forced expression of Nkx3.2 in
somite explants could mimic the prochondrogenic ef-
fects of Shh treatment. Presomitic mesoderm (psm) was
infected with a replication-competent avian retrovirus
RCAS(A) (Hughes et al., 1987) programmed to encode
either chick Nkx3.2 (RCAS(A)Nkx3.2) or green fluores-
cent protein (RCAS(A)GFP). BMP4 was administered 2
days postinfection, and the explants were cultured for
an additional 3 or 4 days. Infection of psm with RCA-
S(A)Nkx3.2 induced robust expression of the early chon-
drocyte markers aggrecan and epiphycan (Shinomura
and Kimata, 1992) after 5 days in culture (Figure 3A,
lanes 2 and 4) and induced expression of col IX after 6
days (Figure 3A, lanes 6 and 8). In contrast, infection of
psm explants with RCAS(A)GFP failed to induce expres-
sion of any of these chondrocyte markers (Figure 3A,
lanes 1, 3, 5, and 7). Forced expression of Nkx3.2 in-
creased GAPDH levels in the somite cultures as does
Shh administration, which reflects an increased number
of cells following either of these regimens. However, in
contrast to Shh administration, which induced all carti-
lage differentiation markers after 5 days in culture, ec-
topic Nkx3.2 induced aggrecan and epiphycan after 5
Figure 3. Ectopic Nkx3.2 Induces Cartilage Differentiation in thedays but only induced col IX expression after 6 days in
Presence of BMP Signals
culture (Figure 3A, lanes 9 and 10). Thus, although the
(A) Ectopic expression of Nkx3.2 can induce somitic chondrogenesis
prochondrogenic effects of Shh are mimicked by forced in vitro. Explants of psm were cultured with RCAS(A) viruses encod-
expression of Nkx3.2, the time course of cartilage gene ing either GFP (lanes 1, 3, 5, and 7) or Nkx3.2 (lanes 2, 4, 6, and 8)
expression following these two regimens is distinct. To for either 5 days (lanes 1–4) or 6 days (lanes 5–8). As a positive
control, Shh protein was added for either 5 days (lane 9) or 6 daysevaluate whether ectopic Nkx3.2 expression was con-
(lane 10). BMP4 protein was added at day 2 in all circumstances.ferring chondrogenic competence in somite cultures by
RT-PCR analyses were performed with primers to amplify GAPDH,fortuitous activation of the hedgehog signaling pathway,
aggrecan, epiphycan, collagen IX, Pax1, and Patched1. Shown in
we examined the expression of two hedgehog respon- lanes 1–8 are pairs of duplicate, parallel cultures.
sive genes in these cultures, Pax1 and Patched1. While (B) Nkx3.2-induced somitic chondrogenesis requires BMP signaling.
Pax1 was robustly induced by Shh administration (Fig- Explants of psm were infected with RCAS(A) viruses encoding either
alkaline phosphatase (lanes 1, 3, 6, and 8) or Nkx3.2 (lanes 2, 4, 7,ure 3A, lanes 9 and 10), expression of this gene was
and 9) and cultured in either the absence (lanes 1, 2, 6, and 7) oreither undetectable or expressed at trace levels in ex-
presence (added from days 2–5; lanes 3, 4, 8, and 9) of BMP4.plants expressing ectopic Nkx3.2 (Figure 3A, lanes 2, 4,
Alternatively, psm was treated with Shh from days 0–5 and with
6, and 8). Furthermore, in contrast to the high level of BMP4 from days 2–5 (lanes 5 and 10). Explants were harvested for
Patched1 expression in cultures exposed to Shh (Figure RNA after culturing for either 5 days (lanes 1–5) or 6 days (lanes 6–10).
3A, lanes 9 and 10), forced Nkx3.2 induced only trace Gene expression was assayed for the indicated genes by RT-PCR.
levels of expression of this gene (Figure 3A, lanes 2, 4,
6, and 8).
only induced chondrocyte differentiation markers in the
presence of exogenous BMP4. These findings are con-Nkx3.2 Induction of Somitic Chondrogenesis
Requires BMP Signaling sistent with the observation that Noggin treatment of
somitic cultures maintained in Shh lack expression ofBecause Shh-mediated somitic chondrogenesis re-
quires BMP signaling (Murtaugh et al., 1999), we sought chondrocyte differentiation markers, while expressing
high levels of Nkx3.2 (Figure 2B, lanes 2 and 4). Thus,to determine whether Nkx3.2-mediated somitic chon-
drogenesis would similarly require BMP signals. To eval- like Shh administration, forced expression of Nkx3.2 can
only induce somitic chondrogenesis in the presence ofuate this, we infected psm with RCAS(A)Nkx3.2 and cul-
tured the explants in defined medium in either the BMP signaling.
As seen above, misexpression of Nkx3.2 does notabsence (Figure 3B, lanes 2 and 7) or presence (Figure
3B, lanes 4 and 9) of BMP4. Forced expression of Nkx3.2 induce Pax1. Importantly, in the absence of added
Nkx3.2 Induces Chondrogenic Competence
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Figure 4. Misexpression of Nkx3.2 Leads to
Expansion of Axial Cartilage Elements
Early E3 (stage 15–17) embryos were injected
in posterior right flank somites with RCA-
S(A)Nkx3.2 virus and incubated until E8–E9,
when they were sacrificed and processed for
alcian blue staining to reveal cartilage.
(A) Skeletal preparations of two specimens
with ectopic ribs (arrows) and neural arch fu-
sions (arrowheads).
(B) Dissected neural arches from control and
injected sides of an experimental embryo
show prominent fusion (arrowhead) specifi-
cally on the injected side.
(C) The ordinarily noncartilaginous articula-
tion between vertebra and rib head (panel
a, arrow) is replaced by a fused bridge of
cartilage on the injected side (panel a, arrow-
head). This is also visible in an alcian blue-
stained section of a similar embryo (panel b).
An adjacent section, stained with an antibody
against the retroviral gag protein, shows that
cartilage is infected only on the right, injected
side of the embryo (panel c, arrowhead).
Within the vertebral body, infected and unin-
fected chondrocytes appear identical (panel d,
showing the region boxed in panels b and c).
(D) Embryos injected with RCAS(A)Nkx3.2
were fixed 2 days after injection and sub-
jected to whole-mount ISH with probes spe-
cific to RCAS RNA, Hoxc6, or Hoxc8 as indi-
cated.
BMP4, there is not even slight expression of Patched1 thickened as well, and careful examination of infected
ribs indicated that the articulation between the vertebralfollowing RCAS(A)Nkx3.2 infection (Figure 3B, compare
lanes 2 and 4 to 7 and 9); instead, the expression profile column and the shaft of the rib, normally noncartilagi-
nous, often formed a continuous cartilaginous bridgeof Patched1 closely follows those of the early cartilage
markers aggrecan and epiphycan. This is consistent (Figure 4C, panel a). In most of these cases, the addi-
tional cartilage that formed following Nkx3.2 misexpres-with the in vivo expression of Patched1 at the onset of
chondrogenesis (Vortkamp et al., 1998). We conclude sion appeared to be contiguous with existing skeletal
elements, rather than differentiating in isolation. Thisthat forced Nkx3.2 expression does not activate the
hedgehog signaling pathway in somitic cells and there- can be seen clearly in the case of the rib bridge shown
in section in Figure 4C, panel b. In this section, it canfore must induce chondrogenesis in these cells by a
distinct mechanism. also be seen that the vertebral body is largely unaffected
by Nkx3.2 misexpression; the infected and uninfected
chondrocytes are histologically indistinguishable (Fig-Misexpression of Nkx3.2 In Vivo Leads
ure 4C, panels c and d).to an Expansion of the Axial Skeleton
Ordinarily, rib-forming potency is strictly confined toTo examine the prochondrogenic activity of Nkx3.2 in
thoracic level somites, and these somites are intrinsi-vivo, concentrated RCAS(A)Nkx3.2 viral supernatant (ti-
cally determined in this capacity even prior to segmenta-ter  108/ml) was injected into posterior somites on the
tion (Kieny et al., 1972). To determine whether ectopicright side of early E3 chick embryos (HH stages 15–17),
rib formation downstream of ectopic Nkx3.2 expressionwhich were subsequently reincubated until E8–E9 and
overrides anterior-posterior (A-P) patterning, we in-analyzed by whole-mount alcian blue staining to assess
jected RCAS(A)Nkx3.2 virus into neck-forming somites.any skeletal abnormalities. Two highly reproducible phe-
In this experiment, we observed neural arch fusionsnotypes were observed: vertebrae developing from in-
(85%; n 7), but no ectopic ribs (data not shown). Thus,jected embryos had thickened neural arches, often fus-
the rib-forming response to ectopic Nkx3.2 is strictlying with one another (Figures 4A and 4B), and an ectopic
limited to the first lumbar (postthoracic) somite.eighth rib, or smaller “riblet,” was observed forming im-
We also examined expression domains of several Hoxmediately posterior to the normal boundary of the rib-
genes, which normally prefigure transitions in the axialcage (Figure 4A). These phenotypes were observed in
skeleton (Burke et al., 1995) in embryos injected with63% and 85% of injected embryos, respectively (n 
130). The normal ribs of infected embryos were often RCAS(A)Nkx3.2 in posterior flank somites. At E5, 2 days
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postinfection, viral RNA was readily detectable in so- Having identified the C-terminal regions of Nkx3.2 as
required for strong transcriptional repression activity,mites of the thoracic-lumbar boundary, but no changes
in expression of Hoxc6, c8, or c9 were observed (Figure we addressed whether repression per se was important
for the biological function of the protein. We restored4D, panels a–c, and data not shown; n  3 embryos
for each probe). In this experiment, 100% of parallel repression activity to GAL4-Nkx3.2C by appending the
Drosophila Engrailed repressor domain to its C terminusembryos allowed to develop to E9 exhibited ectopic ribs
(n  9). Based on these results, we think it unlikely that (GAL4-Nkx3.2C-En; Figure 6A, compare lanes 4 and
5). We then constructed RCAS(A) viruses expressingNkx3.2 affects A-P identity of somites per se; rather, it
appears that the lateral derivatives of the first lumbar either Nkx3.2C or Nkx3.2C-En and assessed their
prochondrogenic activities both in vitro and in vivo.somite are especially susceptible to the prochondro-
genic activity of Nkx3.2. While infection of cultured psm with RCAS(A)Nkx3.2C
failed to induce expression of chondrocyte differentia-
tion markers (Figure 6B, lane 4), infection of this tissueNkx3.2 Acts as a Transcriptional Repressor
with RCAS(A)Nkx3.2C-En (Figure 6B, lane 6) induced aTo further understand the molecular basis of Nkx3.2
level of chondrogenesis comparable to wild-type Nkx3.2function, we undertook to study its transcriptional activ-
(Figure 6B, lane 2). Consistent with these in vitro results,ity. We found that Nkx3.2 protein did not bind with high
misexpression of Nkx3.2C in vivo had almost no effectaffinity to a consensus site oligonucleotide derived for
on skeletal development (a single infected embryo ex-the related family member Nkx2.5 (data not shown).
hibited a single neural arch fusion; n  20), while misex-Therefore, we subcloned Nkx3.2 into the GAL4 fusion
pression of Nkx3.2C-En yielded phenotypes identicalvehicle pSG424 (Sadowski and Ptashne, 1989) to gener-
to those of wild-type Nkx3.2 at robust frequencies (73%ate a full-length fusion between Nkx3.2 and the DNA
ectopic ribs/riblets, 58% fused/thickened neural arches;binding domain of the yeast GAL4 protein, GAL4 (1–147).
n  19; Figure 6C, panels a and b). As shown in FigureWe term this construct GAL4-Nkx3.2 (Figure 5A). In tran-
6C, panels c and d, the two viruses were similarly capa-sient transfections, GAL4-Nkx3.2 did not activate tran-
ble of infection; in fact, RCAS(A)Nkx3.2C-En infectionscription from a reporter plasmid containing reiterated
was generally sparser than that of RCAS(A)Nkx3.2C,GAL4 binding sites upstream of a minimal promoter;
reflecting a lower viral titer. Taken together, these resultsinstead, the weak basal activity of this reporter appeared
strongly suggest that Nkx3.2 normally acts as a tran-to be inhibited by GAL4-Nkx3.2 (data not shown). We
scriptional repressor to induce chondrogenesis.then utilized a GAL4 reporter containing a strong SV40
enhancer in cis, pG5GL3enh (Figure 5A; Denisenko and
Bomsztyk, 1997). This reporter has high basal activity, Converting Nkx3.2 into an Activator Generates
Antimorphic Phenotypesand is strongly inhibited by the expression of a fusion
between GAL4 (1–147) and the repression domain of the If Nkx3.2 normally acts to repress expression of target
genes, we thought that by converting it into a transcrip-Drosophila Engrailed protein, GAL4-En (Badiani et al.,
1994; Jaynes and O’Farrell, 1991; Figure 5B, lanes 1 tional activator, we could force expression of these
genes and therefore counteract the repressor functionand 2). Interestingly, GAL4-Nkx3.2 also inhibited this
reporter, to 10%–20% of its basal activity (Figure 5B, of endogenous Nkx3.2. To this end, we appended the
strong activation domain of the HSV VP16 protein (Sa-lane 3). A luciferase reporter lacking GAL4 binding sites
was not inhibited by GAL4-Nkx3.2, demonstrating that dowski et al., 1988) onto the C terminus of Nkx3.2, gener-
ating Nkx3.2-VP16. When fused to GAL4 (1–147), thistranscriptional repression by GAL4-Nkx3.2 requires in-
teraction with DNA in cis (data not shown). These experi- mutant no longer represses reporter gene activity, but
instead acts as a strong activator of gene expressionments were performed in COS7 cells; however, identical
results were obtained in chick embryo fibroblasts and (Figure 7A, compare lanes 2 and 3). We therefore term
Nkx3.2-VP16 a “reverse function” mutant, as its tran-in mouse C3H 10T1/2 cells (data not shown).
To examine what regions of Nkx3.2 were required for scriptional activity has been changed from repression
to activation.repression function, we generated deletion mutants of
GAL4-Nkx3.2 lacking either the N or C terminus, or both To evaluate whether Nkx3.2-VP16 could repress the
activity of endogenous Nkx3.2, we infected psm ex-together, leaving only the homeodomain (Figure 5A). All
of the Nkx3.2 fusion constructs were engineered with a plants with RCAS(A)Nkx3.2-VP16 retrovirus, and chal-
lenged them to chondrify by sequential Shh and BMP4C-terminal HA epitope tag. Deleting the N terminus
(GAL4-Nkx3.2N) had little effect on GAL4-Nkx3.2 re- treatment. Under these circumstances, we observed a
moderate inhibition of cartilage gene expression, withpression activity, but a mutant lacking the C terminus
(GAL4-Nkx3.2C) had dramatically less repressor activ- a 2- to 3-fold decrease in col IX mRNA levels relative to
those of GAPDH (data not shown). We returned to theity (Figure 5B, lanes 4 and 5). This loss of repressor
activity cannot be attributed to protein instability, as intact embryo to assess the effects of Nkx3.2-VP16 in-
fection in vivo. Injection of thoracic level somites withmutants lacking the C terminus are actually expressed
at dramatically higher levels (Figure 5C, compare lanes RCAS(A)Nkx3.2-VP16 virus resulted in a range of hypo-
plasias in the axial skeleton, including dramatically thin-3 and 4 to 5 and 6). In fact, given the high levels of
GAL4-Nkx3.2C protein in transfected cells, the residual ner neural arches and shortened or absent ribs (82%
of injected embryos; n  145; Figure 7B). To a firstrepression activity we observe probably represents an
overestimation of the actual activity per molecule of approximation, these phenotypes are opposite to those
obtained with wild-type RCAS(A)Nkx3.2 (Figure 4), sub-protein. We also observed that deleting both the N and C
termini of GAL4-Nkx3.2, leaving the homeodomain intact, stantiating our hypothesis that this mutation reverses
Nkx3.2 function.converted it into a weak activator (Figure 5B, lane 6).
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Figure 5. Repression Activity of Nkx3.2
(A) Schematic diagrams of (top) GAL4 fusion
constructs and (bottom) pG5GL3enh GAL4
reporter gene. Fusions were made between
the GAL4 DNA binding domain and either full-
length or deletion mutants of Nkx3.2. Num-
bers indicate the amino acids incorporated
into the GAL4 fusions. The GAL4-Nkx3.2 con-
structs also included a C-terminal HA tag.
Conserved domains of Nkx3.2 (i.e., TN, ho-
meodomain, and NK-SD domain) are indi-
cated.
(B) Transcriptional repression activity of vari-
ous GAL4 fusion constructs. COS7 cells were
transfected, in duplicate, with plasmids en-
coding GAL4 fusions as indicated and the
pG5GL3enh reporter. After 2 days, cells were
harvested and luciferase assays were per-
formed. Luciferase activity was normalized to
that induced by GAL4 (1–147).
(C) Steady-state levels of various GAL4 fusion
constructs. Whole-cell lysate (50 g/lane)
was prepared from COS7 cells transfected
as indicated, subjected to SDS-PAGE, and
Western blotted. The blot was probed with
anti-HA antibody, which specifically recog-
nizes Nkx3.2 fusions. Positions of molecular
weight markers (in KDa) are shown on the
left.
We wanted to determine the stage at which Nkx3.2- proper patterning and organization, but were blocked
in their differentiation into chondrocytes. This failure toVP16 interferes with axial chondrogenesis: does it inhibit
specification of precursor cells, block their ability to differentiate is strikingly analogous to that observed in
the perinotochordal cells of Bapx1/ mice (Tribioli andorganize into precartilage condensations, or prevent the
differentiation of precartilaginous mesenchyme into Lufkin, 1999).
chondrocytes? We focused on the rib-forming region,
which appears to be the most dramatically affected in Discussion
our injected embryos (Figure 7B). Frontal sections
through the body wall of these embryos revealed an The formation of vertebral cartilage depends on sequen-
tial Shh and BMP signals. Here, we identify the homeo-absence of col IX-expressing chondrocytes on the in-
jected side, as expected (Figure 7C, panels a and b). domain transcription factor Nkx3.2 as a crucial mediator
of this serial signaling process. Nkx3.2 expression inInterestingly, however, Sox9 expression was still main-
tained in organized clusters of cells on the injected side, vitro is induced by early exposure to Shh; this parallels
its coexpression in vivo with a known Shh target gene,albeit at a reduced level, relative to the control (Figure
7C, panels c and d). In addition, these clusters retain Pax1, in the newly formed sclerotome. However,
whereas continued expression of Pax1 requires sus-affinity for PNA (Figure 7C, panels e and f). These obser-
vations suggest that the rib precursors had undergone tained Shh treatment (Figure 2), that of Nkx3.2 can be
Figure 6. Repression Activity Is Essential for
Nkx3.2 Function
(A) The Engrailed repression domain can re-
store repressor activity to Nkx3.2C. The re-
pression domain of the Drosophila Engrailed
protein was fused to the C terminus of
Nkx3.2C, generating Nkx3.2C-En (top).
The indicated GAL4 fusion constructs were
transfected in duplicate into COS7 cells,
along with pG5GL3enh as a reporter. Shown
are luciferase assays, performed as outlined
in Figure 5.
(B) Nkx3.2 transcriptional repressor activity is
necessary for the induction of somitic chon-
drogenesis in vitro. Presomitic mesoderm ex-
plants were infected with either RCAS(A)GFP
(lanes 1, 3, and 5) or RCAS(A)Nkx3.2 (wt; lane
2), RCAS(A)Nkx3.2C (lane 4), or RCA-
S(A)Nkx3.2C-En (lane 6). As a positive con-
trol, Shh protein was added for 5 days (lane
7). BMP4 protein was added at day 2 in all
circumstances. After 5 days of culture, ex-
plants were harvested and RT-PCR analyses
were performed with primers to amplify
GAPDH, aggrecan, epiphycan, and collagen IX.
(C) RCAS viruses encoding either Nkx3.2C
or Nkx3.2C-En were injected into the poste-
rior right flank somites of E3 chick embryos.
At E9, injected embryos were processed for
alcian blue staining (panels a and b). Arrow-
heads indicate neural arch fusions, and the
arrow indicates an ectopic rib. Parallel em-
bryos were fixed at E5, and whole-mount ISH
was performed to detect RCAS viral RNA
(panels c and d).
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of Nkx3.2 in both precartilaginous mesenchyme and in
newly formed chondrocytes within the vertebral column.
Thus, Nkx3.2 is expressed in the right tissues, at the
right times, and regulated by the appropriate extrinsic
signals to execute steps in the transition from sclero-
tome to cartilage.
We have found that forced expression of Nkx3.2 in
presomitic mesoderm (psm) can mimic the prochondro-
genic effects of Shh and is sufficient to induce chondro-
genesis in the presence of BMP signals. These findings
support the notion that Shh promotes somite chondro-
genesis by inducing the expression of “competence fac-
tors” such as Nkx3.2 that confer a chondrogenic re-
sponse to BMP signaling (Murtaugh et al., 1999). It
seems unlikely that Nkx3.2 induces chondrogenic com-
petence by activating the hedgehog signaling pathway
in somitic cells, as ectopic Nkx3.2 fails to induce expres-
sion of the hedgehog-responsive gene Pax1 in somite
cultures. The chondrogenic response to forced expres-
sion of Nkx3.2 in somitic tissue cultured in vitro was
quite robust, nearly equaling that of Shh application. In
contrast, the extent of ectopic cartilage to form after in
vivo misexpression of Nkx3.2 in paraxial mesoderm was
considerably attenuated, resulting only in vertebral fu-
sions and an extra rib. We speculate that the relatively
weaker chondrogenic response to ectopic Nkx3.2 ex-
pression in vivo, relative to that observed in cultured
psm, reflects the requirement for additional signals to
promote chondrogenesis such as active BMP signaling,
which may be regionally restricted in vivo.
Expression of ectopic Nkx3.2 in the paraxial meso-
derm specifically induced an extra rib to form from the
first lumbar somite. This somite also appears particularly
sensitive to Hox gene dosage in the mouse, as both the
gain and loss of function of several Hox genes, including
c6 and c8, cause ectopic rib formation specifically at
this level (Jegalian and De Robertis, 1992; Le Mouellic
et al., 1992; Pollock et al., 1992). However, it seems
unlikely that misexpression of Nkx3.2 induced an extra
rib by altering Hox gene expression, as we were unable
to detect differences in expression of Hoxc6, c8, or c9
in such embryos. The remarkably normal morphology
of the ectopic rib induced by Nkx3.2 also suggests some
intrinsic bias toward rib formation at this level; however,
we have been unable to find any markers, such as Sox9
or PNA affinity, that mark a cryptic “prerib” mesenchy-
mal population posterior to the ordinary rib domain (data
Figure 7. A “Reverse Function” Nkx3.2-VP16 Mutant Inhibits Axial not shown). Interestingly, haploinsufficiency of the
Chondrogenesis
chondrocyte regulator Sox9 in patients with campomelic
(A) A fusion was generated between Nkx3.2 and the transcriptional dysplasia results in the loss of a pair of ribs (reviewed
activation domain of VP16 (top). When fused to GAL4, this construct
in Lefebvre and De Crombrugghe, 1998), a phenotypeactivates pG5GL3enh in transfected COS7 cells (bottom).
complementary to that observed following ectopic(B) Embryos were injected at E3, in right flank somites, with RCA-
S(A)Nkx3.2-VP16 virus. Shown are skeletal preparations of two Nkx3.2 expression.
specimens harvested at E8, indicating hypoplasia of vertebrae (ar-
rowheads) and deletions and hypoplasia of ribs (arrows).
(C) In situ hybridization and PNA staining on near adjacent frontal
Negative Regulation of Somitic Chondrogenesissections through the rib-forming region of an E8 embryo injected
Induction of chondrogenesis by Nkx3.2 correlates withwith RCAS(A)Nkx3.2-VP16 as above. Shown are both injected and
the ability of this molecule to repress transcription; whenuninjected (control) sides. Arrowheads indicate Sox9 and PNA stain-
ing in the absence of col IX expression. converted into an activator, it inhibits chondrogenesis.
Based upon these findings, we speculate that Nkx3.2
promotes somitic chondrogenesis by blocking the ex-maintained in vitro by subsequent exposure to BMP4,
pression of a repressor of this process. How might thewhich also triggers chondrogenesis. This mode of regu-
lation is mirrored in vivo by the maintained expression negative regulation of a hypothetical target gene, factor
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Although efficient repression of antichondrogenic fac-
tor X genes by Nkx3.2 is necessary for high-level expres-
sion of cartilage differentiation markers, we have also
noted that the chondrocyte marker aggrecan can often
be induced at low levels in “naı¨ve” psm, treated with
only BMP4 (see, for example, Figure 3B, lane 3). This
finding suggests that various chondrocyte differentia-
tion markers may be differentially sensitive to repression
by factor X, with collagen IX and epiphycan expression
being repressed by relatively low levels of this factor
and repression of aggrecan expression requiring higher
levels. It should be emphasized that the prochondro-
genic action of Nkx3.2 appears somewhat attenuated
compared to that of Shh, as it requires longer treatment
with BMP4 to activate high-level cartilage gene expres-
sion. As a competence factor, then, Nkx3.2 appears to
have an exclusively late role in somite chondrogenesis,
permitting BMP signals to activate cartilage-specific
programs of gene expression.
Regulation and Function of Nkx3.2 in Various
Skeletal Lineages
Whereas expression of the reverse function Nkx3.2-
VP16 activator in paraxial mesoderm can inhibit the de-
Figure 8. A Model for the Role of Nkx3.2 in Promoting Axial Chon- velopment of both vertebrae and ribs in chick embryos,
drogenesis
the deletion of the homologous Bapx1/Nkx3.2 gene in
In the vertebrae, Nkx3.2 is induced by Shh (1) and maintained by
mouse results in a considerably milder phenotype. Whilelater BMP signals (2). Nkx3.2 promotes chondrogenesis by blocking
Bapx1/Nkx3.2-deficient mice show decreased prolifera-the transcription of gene products that inhibit cartilage formation,
tion and differentiation of perinotochordal chondrocytesshown here as factor X. When factor X is expressed, it blocks the
expression of cartilage-specific genes. By blocking the synthesis of and an absence of chondrocyte hypertrophy throughout
factor X, Nkx3.2 derepresses chondrogenic differentiation of somitic the vertebral body, the ribs in these animals show no
cells. apparent defect (Akazawa et al., 2000; Lettice et al.,
1999; Tribioli and Lufkin, 1999). We suspect that these
different phenotypes reflect the different effects onX (Figure 8), by Nkx3.2 affect the response of somitic
Bapx1/Nkx3.2 target genes resulting from these experi-cells to BMP signaling? It is possible that factor X itself
mental manipulations. The reverse function Nkx3.2-directly interferes with BMP signaling, normally required
VP16 activator should induce the expression of factorfor chondrogenesis. However, BMP4 administration can
X in all somitic cells, whereas in Bapx1/Nkx3.2-deficientinduce GATA-4 gene expression in naı¨ve presomitic
animals, such targets would merely be derepressed, andmesoderm, which would be expected to constitutively
then only in those cells in which they are under theexpress factor X. This suggests that factor X (i.e., genes
primary control of Bapx1/Nkx3.2. The fact that ribs arerepressed by Nkx3.2) does not necessarily inhibit BMP
normal in mice lacking Bapx1/Nkx3.2 suggests that re-signaling per se. Instead, it might be that cartilage differ-
dundant factors may repress Bapx1/Nkx3.2 targets in ribentiation markers, or cartilage regulatory genes them-
precursor cells. We hypothesize that possibly unrelatedselves, are directly repressed by factor X. By preventing
factors may substitute for Nkx3.2 during rib formation,the expression of factor X, Nkx3.2 allows activation of
but as yet there are no candidates for such factors. Wethese genes by BMP signals and other positive regula-
presume that further studies to characterize bona fidetors of chondrogenesis (Figure 8).
targets of Bapx1/Nkx3.2 will shed light on the complexThe ability of Nkx3.2 to activate chondrogenesis is
transcriptional networks regulating chondrogenesis.context dependent. Although ectopic expression of
RCAS(A)Nkx3.2 can efficiently activate chondrogenesis
in infected presomitic mesoderm, it fails to do so in
Experimental Proceduresinfected chick embryo fibroblasts (CEFs; data not
shown). It seems likely that this context-dependent re-
Molecular Biology
sponse to Nkx3.2 expression reflects a requirement for Isolation of Chick Nkx3.2
positive regulators of chondrogenesis that are constitu- A PstI-NheI restriction fragment of mouse Bapx1 cDNA (kindly pro-
tively expressed in somitic cells and are absent from vided by Thomas Lufkin, Mt. Sinai School of Medicine, New York)
was used to screen a chick stage 12–15 ZAPII cDNA library. TheCEFs. It thus appears that somitic cells have an intrinsic
identified cDNA was identical to recently published chick Nkx3.2bias toward a chondrogenic BMP response, and that
sequences (Rodriguez Esteban et al., 1999; Schneider et al., 1999).realization of this bias is ordinarily suppressed by factor
X genes, acting as described above. When these genes
Cloning of RCAS Retroviruses
are repressed by Nkx3.2 misexpression, addition of Chick Nkx3.2 coding region, or deletion mutants thereof, were in-
BMP4 protein is able to induce chondrogenic gene ex- serted into the shuttle vector SLAX13 (Riddle et al., 1993) and modi-
fied to append an HA tag sequence to the 3 end via an engineeredpression.
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EcoRI site (SLAX13-HA; L.C.M., unpublished data). Once in SLAX13- homolog of the Drosophila extra sex combs gene displays transcrip-
tional repressor activity. Mol. Cell. Biol. 17, 4707–4717.HA, inserts could be shuttled into additional modified SLAX13 con-
structs (SLAX-Engrailed, gift of Cliff Tabin, or SLAX13-VP16; L.C.M., Ebensperger, C., Wilting, J., Brand-Saberi, B., Mizutani, Y., Christ,
unpublished data) by NcoI-EcoRI digestion and ligation. SLAX13 B., Balling, R., and Koseki, H. (1995). Pax-1, a regulator of sclerotome
inserts, including 3 fusions, were transferred as ClaI fragments into development is induced by notochord and floor plate signals in
RCAS(A) (Hughes et al., 1987). avian embryos. Anat. Embryol. 191, 297–310.
Fan, C.M., and Tessier-Lavigne, M. (1994). Patterning of mammalian
Generation of GAL4 Fusion Constructs somites by surface ectoderm and notochord: evidence for sclero-
Inserts in SLAX13 were liberated with a 5 Klenow-filled NcoI site tome induction by a hedgehog homolog. Cell 79, 1175–1186.
and a 3 XbaI overhang, ligated into the SmaI and XbaI sites of the
Fan, C.M., Porter, J.A., Chiang, C., Chang, D.T., Beachy, P.A., andGAL4 fusion vector pSG424 (Sadowski and Ptashne, 1989). pSG424-
Tessier-Lavigne, M. (1995). Long-range sclerotome induction byEn, encoding a fusion between GAL4 and the repression domain of
sonic hedgehog: direct role of the amino-terminal cleavage productDrosophila Engrailed (Badiani et al., 1994; Jaynes and O’Farrell,
and modulation by the cyclic AMP signaling pathway. Cell 81,1991), was generated by subcloning the EcoRI-XbaI fragment of
457–465.SLAX-Engrailed directly into EcoRI-XbaI-digested pSG424.
Healy, C., Uwanogho, D., and Sharpe, P.T. (1999). Regulation and
role of Sox9 in cartilage formation. Dev. Dyn. 215, 69–78.In Situ Hybridization (ISH)
Whole-mount ISH was performed as described (Riddle et al., 1993). Huang, R., Zhi, Q., Schmidt, C., Wilting, J., Brand-Saberi, B., and
DIG-labeled cRNA probes were generated from appropriate plas- Christ, B. (2000). Sclerotomal origin of the ribs. Development 127,
mids: Nkx3.2 (this work), Pax1 (Ebensperger et al., 1995; gift of 527–532.
Haruhiko Koseki, Chiba University School of Medicine), collagen IX Hughes, S.H., Greenhouse, J.J., Petropoulos, C.J., and Sutrave, P.
(Murtaugh et al., 1999), Sox9 (Healy et al., 1999; gift of Paul Sharpe, (1987). Adaptor plasmids simplify the insertion of foreign DNA into
King’s College London), Hoxc6 and Hoxc8 (Burke et al., 1995; gift helper-independent retroviral vectors. J. Virol. 61, 3004–3012.
of Anne Burke, Wesleyan University), and Rsc RCAS probe (Johnson
Jaynes, J.B., and O’Farrell, P.H. (1991). Active repression of tran-et al., 1994; gift of Cliff Tabin, Harvard Medical School).
scription by the engrailed homeodomain protein. EMBO J. 10, 1427–
1433.Explant Culture and RT-PCR Analysis
Jegalian, B.G., and De Robertis, E.M. (1992). Homeotic transforma-Dissection and culture of presomitic mesoderm (psm) explants were
tions in the mouse induced by overexpression of a human Hox3.3exactly as described (Murtaugh et al., 1999). RNA harvest and RT-
transgene. Cell 71, 901–910.PCR analysis of explants was as described previously (Murtaugh et
al., 1999). PCR primers for Nkx3.2 were 5 primer: 5-CCGGACAG Johnson, R.L., Laufer, E., Riddle, R.D., and Tabin, C. (1994). Ectopic
TATTTATTGCTA-3; 3 primer: 5-GGCGCTTTGGGTGTTTTCTT-3. expression of Sonic hedgehog alters dorsal-ventral patterning of
PCR primers for epiphycan (Shinomura and Kimata, 1992) were 5 somites. Cell 79, 1165–1173.
primer: 5-GCTGCCATCTACCTTGACT-3; 3 primer: 5-CAAACGG Kawakami, Y., Ishikawa, T., Shimabara, M., Tanda, N., Enomoto-
GGCAGACACATA-3. Iwamoto, M., Iwamoto, M., Kuwana, T., Ueki, A., Noji, S., and Nohno,
T. (1996). BMP signaling during bone pattern determination in the
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